Solving the structure of large, multi-subunit complexes is difficult despite recent advances in cryoEM, due to remaining challenges to express and purify complex subunits. Computational approaches that predict protein-protein interactions, including Direct Coupling Analysis (DCA), represent an attractive alternative to dissect interactions within protein complexes. However, due to high computational complexity and high false positive rate they are applicable only to small proteins. Here, we present a modified DCA to predict residues and domains involved in interactions of large proteins. To reduce false positive levels and increase accuracy of prediction, we use local Gaussian averaging and predicted secondary structure elements. As a proof-of-concept, we apply our method to two Integrator subunits, INTS9 and INTS11, which form a heterodimeric structure previously solved by crystallography. We accurately predict the domains of INTS9/11 interaction. We then apply this approach to predict the interaction domains of two complexes whose structure is currently unknown: 1) The heterodimer formed by the Cleavage and Polyadenylation Specificity Factor 100-kD (CPSF100) and 73-kD (CPSF73); 2) The heterotrimer formed by INTS4/9/11. Our predictions of interactions within these two complexes are supported by experimental data, demonstrating that our modified DCA is a useful method for predicting interactions and can easily be applied to other complexes.
ABSTRACT. Solving the structure of large, multi-subunit complexes is difficult despite recent advances in cryoEM, due to remaining challenges to express and purify complex subunits. Computational approaches that predict protein-protein interactions, including Direct Coupling Analysis (DCA), represent an attractive alternative to dissect interactions within protein complexes. However, due to high computational complexity and high false positive rate they are applicable only to small proteins. Here, we present a modified DCA to predict residues and domains involved in interactions of large proteins. To reduce false positive levels and increase accuracy of prediction, we use local Gaussian averaging and predicted secondary structure elements. As a proof-of-concept, we apply our method to two Integrator subunits, INTS9 and INTS11, which form a heterodimeric structure previously solved by crystallography. We accurately predict the domains of INTS9/11 interaction. We then apply this approach to predict the interaction domains of two complexes whose structure is currently unknown: 1) The heterodimer formed by the Cleavage and Polyadenylation Specificity Factor 100-kD (CPSF100) and 73-kD (CPSF73); 2) The heterotrimer formed by INTS4/9/11. Our predictions of interactions within these two complexes are supported by experimental data, demonstrating that our modified DCA is a useful method for predicting interactions and can easily be applied to other complexes.
INTRODUCTION.
Traditional methods to study protein association, including the yeast two-hybrid and co-immunoprecipitation analyses, have been shown to be reliable in characterizing protein complexes but they remain laborious and time consuming. Therefore, computational methods to predict protein-protein interactions are an attractive alternative to experimental methods. One of such methods is evolutionary coupling analysis. The underlying idea of evolutionary coupling is that, to preserve function, a mutation in one of interacting residues is likely to be compensated by a complementary mutation in the other. The key advantage of this approach is that interactions between residues are detected not only based on their physical proximity (as in co-crystallization studies), but on evolutionary pressure, and therefore more likely functional. Co-evolution of residues in protein sequences has been used for predicting residue-residue interactions (contacts) in small, bacterial proteins for a few decades (Lockless and Ranganathan 1999; Morcos et al. 2011; Ochoa et al. 2013) . As observed by us and others Hopf et al. 2014b; Fongang et al. 2019) , with the rapid increase in number of sequenced animal genomes, these methods also became feasible for protein interactions in metazoans, including humans, and for larger proteins and even protein complexes Naveed et al. 2012; Hopf et al. 2014b; Kim et al. 2014; Ovchinnikov et al. 2014; dos Santos et al. 2015; Tesileanu et al. 2015; Abriata et al. 2016; Champeimont et al. 2016; Feinauer et al. 2016; Lua et al. 2016; Neuwald 2016; Yu et al. 2016 ).
Specific interactions between proteins impose evolutionary constraints on the interacting
partners. For instance, mutation of a contact residue in one partner generally impairs binding but may be compensated by a complementary mutation in the other partner. Such coevolution of interaction partners results in correlations between their amino acid sequences than can be observed by analyzing Multiple Sequence Alignment (MSA) of the interacting proteins across multiple species, and can be used to predict residueresidue contacts Morcos et al. 2011; Morcos et al. 2014; Wang et al. 2017) . Recently, methods from statistics and statistical physics were used to disentangle direct couplings, related to actual residue interactions, from mere correlations between MSA columns. This has resulted in a new class of methods, including the Direct Coupling Analysis (DCA), that can reliably predict protein structures using only sequence information provided enough homologous sequences are available. However, the applications of DCA methods to large proteins are limited by high number of typically generated false positives. To reduce the number of false positives we have recently proposed to use a local convolution of evolutionary coupling (EC) scores with a kernel fitted to the structure of the proteins (Fongang et al. 2019 ). Here, we will adapt DCA to study interactions of the Integrator complex subunits, which are particularly challenging due to size of some of the subunits.
The Integrator complex (INT) is an important transcriptional component in regulating 3'-end processing of non-coding RNA (Baillat and Wagner 2015) , and widely participating in transcription processes at protein-coding genes through its association with RNA polymerase II (Gardini et al. 2014; Stadelmayer et al. 2014) . Several INT subunits have been found to play important roles in human brain development (Oegema et al. 2017) , lung function (Kheirallah et al. 2017 ), embryogenesis(Kapp et al. 2013 , and adipose differentiation (Otani et al. 2013 ). Among at least the 14 subunits of Integrator, Here, we use DCA with our added convolution method to accurately predict the binding residues of INTS9/INTS11 heterodimer. We also study the interaction between INTS9 and INTS11 paralogs, CPSF73 and CPSF100, and identify their most likely binding interfaces to be the C-terminal domains of both proteins. Since it has been suggested that INTS4, INTS9, and INTS11 form a heterotrimer, we used our coevolution method to show that such trimerization involves the N-, and C-terminal domains of INTS4 exclusively.
As the structure of the Integrator Complex remains largely unknown, experimental validation of these predictions will set the foundation for the complete description of the structure of the whole complex.
RESULTS

Modified Direct Coupling Analysis (DCA) approach.
DCA algorithms have been shown to produce a large number of false positives, but we recently suggested (Fongang et al. 2019 ) that post-processing of DCA map data, based on the local convolution with Gaussian kernel, may lead to reducing noise in the prediction of most likely interacting residues (Fongang et al. 2019) . A schematic description of the method is presented in Fig. 1 . To reduce running time, we used a variant of DCA, the pseudo-likelihood maximization Direct-Coupling Analysis (plmDCA) (Ekeberg et al. 2014 ), which has a lower computational cost than traditional DCA. Evolutionary coupling score (ECs) was calculated and used to build the corresponding coupling matrix.
To improve our prediction and avoid false positive in DCA analysis, we use local convolution of ECs, derived from our approach introduced previously in (Fongang et al. 2019 ). Gaussian convolution is applied to local structural elements (here defined by secondary structure) to count the contribution of neighboring residues with an assumption that contacts between proteins occur locally and drive residues evolving within the same structural elements. In our experience, an isolated strong EC peak surrounded by low EC values for residues belonging to different secondary structure elements is more likely to be a false positive than a cluster of less high EC values for residues in the same secondary structure element. Therefore, a convolution of EC scores with a kernel based on secondary structure information can predict the more likely interacting residues. The convolution algorithm depends on several parameters including the length of the interacting residues, the variances of the Gaussian and the predicted structures. The convolved EC score for a pair of residues (i,j) is
is the kernel function fitted on the structural elements and ",$ are the EC scores computed using the evolutionary coupling algorithm. The key innovation over the previous variant of the method we proposed is to derive the values of the parameters a γ , b γ , based on the details of interaction as characterized by a previous crystallographic study. Second, based on previous experience, and on the argument that an interaction interface is expected to affect both proteins in a statistically similar manner, we decided to only consider convolution models assuming a γ = b γ for every value of γ. These parameters were optimized using the INTS9/INTS11 complex for which structural information of their interacting C-terminal domains was available. We started the optimization from Evolutionary Coupling (EC) scores of INTS9/INTS11, which were generated based on multiple sequence alignment of both proteins over 204 species. Next, we converted EC scores into DCA maps representing interactions between residues of the two proteins ( Fig. 2a ). The optimal values of a γ , b γ , and l were selected to maximum overlap between the prediction and the experimental distances for INTS9/11 interaction and used also for other cases for which crystal structures are unknown. The optimized parameters for the Gaussian convolution are provided in Table 3 .
Modified DCA correctly predicts the interacting residues of INTS9/INTS11
heterodimer. To validate our method we applied it to predict interactions of the INTS9 and INTS11 heterodimer, which interface has been solved by crystallography. Raw DCA method applied to predicting INTS9/11 interactions generated a very high level of statistical background noise in the EC map leading to false positives thereby making identification of binding residues very challenging ( Fig. 2a ). Therefore, we applied our local convolution algorithm (Fongang et al. 2019) to the EC map of INTS9/INTS11 with variable parameters describing the variances of the Gaussian kernel and the lengths of stretches of interacting residues ( Fig. 2b-2d ). Indeed, as we changed the convolution parameters, stretches of residues starting at residue 553 of INTS9 To assess the accuracy of our predictions, we compared the pairs of residues (one from INTS9, one from INTS11) at distances less than 6.0 Å to the pairs of interacting residues we predicted. Using this criterion for comparison, we observe very good agreement between our modified DCA predictions and the crystal structure of the IntS9/11 CTD. We find that 73% of the pairs with top 5% highest convolved signals are within the CTD of both proteins and 81% of the experimentally determined contacts were predicted by our method. Also, convolved ECs are correlated with structural information including solvent accessibility, secondary structure, and physical-chemical properties. This test show that our method has potential to accurately predict residues involved in protein-protein interactions. It also confirms that the previously observed contact between the CTDs of INTS9 and INTS11 is a physiologically significant interaction that is subject to positive evolutionary pressure.
Finally, we need to note that we use the INTS9/INTS11 structure as validation of the method while we also used the same interaction for optimizing the parameters for the convolution procedure. Nonetheless, the amount of information recycled here is minimal -the INTS9/11 structure was only used to optimize the values of the three parameters (a γ , b γ , and l), while the validation is based on a very large number (>10 5 ) of EC scores. As with INTS9/INTS11, we used 138 pairs of CPSF100 and CPSF73 orthologous sequences from metazoans to compute DCA maps of both proteins (Fig. 4a ). Then we applied the local convolution of ECs scores with optimized parameters obtained from the previous case to highlight the most likely interacting residues ( Fig. 4b-d ). This analysis predicts that the most likely interacting residues of CPSF100/CPSF73 involve their respective C-terminal domains (Fig. 4d, Fig. 5 ). Indeed 88% of the top 5% highest convolved EC scores are within the region comprising the last 115 and 164 amino acids of CPSF100 and CPSF73, respectively. The second most likely interacting residues comprised the region from 367-533 on CPSF100 and the CTD of CPSF73 (Fig. 4d ). This information is similar to INTS9/INTS11 and confirmed the striking similarity between the two complexes. Moreover, the findings obtained using our modified DCA method are consistent with those obtained biochemically by Michalski et al. (Michalski and Steiniger 2015) in that both the C-terminal domains of CPSF100 and CPSF73 are required for the core cleavage complex formation.
Predicting
Predicting interacting residues of the INTS4/9/11 heterotrimer. Encouraged by results of our modified DCA approach for the above two heterodimers, we applied our method to a heterotrimeric complex. Predicting structure of heterotrimer presents an additional challenge to current DCA analyses because in a heterotrimer also indirect interactions may present as couplings between residues, thus significantly increasing the number of possible indirect links between the residues (interaction between a residue Ai in subunit A with any of the hundreds of residues in subunit B, combined with interaction between the residues in B and residue Cj in subunit C may be interpreted as an interaction between Ai and Cj). This effect may increase the number of false positives that may affect the results of the analysis. Reducing the number of artifacts through post-processing of the EC map we proposed is therefore even more important in the case of predicting a contact interface between two subunits within a heterotrimeric complex. INTS4 has been reported to associate with INTS9 and INTS11 to form the INTS4/9/11 heterotrimer and has been proposed to behave similar to how Symplekin associates with CPSF100/73. Importantly, the molecular basis of both heterotrimers has not been established. Using the plmDCA algorithm coupled to the convolution of resulting ECs as described in the Methods section, we predicted that the N-and C-terminal domains of INTS4 are both interacting with INTS9/11 (Fig. 6 ). Our results also suggests that INTS4 has ability to bind both INTS9 and INTS11 at the same time, but coevolutionary analysis was unable to significantly distinguish which of the N-or C-terminal was associated with INTS9 (or INTS11). Interestingly, this model is strikingly similar to the heterotrimerization of CPSF100/CPSF73/Symplekin as proposed by Michalski et al. (Michalski and Steiniger 2015) and is consistent with previously published biochemical experiments analyzing binding domains involved in the INTS4/9/11 heterotrimer.
DISCUSSION
In this study, we applied coevolutionary method to identify the most likely binding residues of INTS4, INTS9, and INTS11 as well as CPSF73 and CPSF100. We modified the Direct Coupling Analysis (DCA) algorithm with several changes we introduced to allow more accurate inference of interactions. Specifically, we used local Gaussian convolution and predicted secondary structure to reduce number of false positives and thus increase the accuracy of predicted interactions. As discussed above, coevolution between residues of interacting proteins can be used to predict the binding interfaces. However, for large proteins, the predictions are hindered by statistical background noise and the large number of false positives that are generated. Because an interaction between proteins generally involves stretches of residues rather than individual amino acids, in our experience local convolution of evolutionary scores and structural properties tend to predict more accurately the most likely interacting residues (Fongang et al. 2019) .
As proof-of-concept we inferred the binding interface of INTS9/INST11 heterodimer using our local convolution algorithm (Fongang et al. 2019 heterodimer. Thus, our method has been validated to be accurate in predicting the binding residues of large proteins. Then, we applied our method to another two important proteins in the cleavage of pre-mRNA: CPSF100 and CPSF73, which are paralogs of INTS9 and INTS11, respectively. However, their interactions are unknown. Our prediction confirmed that both the C-terminal domains of CPSF100 and CPSF73 are required for the core cleavage complex formation in vivo and the binding with Symplekin as reported by Michalski et al. (Michalski and Steiniger 2015) . We found that the N-and C-terminal domains of INTS4 could interact with INTS9 and INTS11, as shown in Fig. 6 , suggesting INTS4 has ability to bind both INTS9 and INTS11.
Using coevolution of residues, we have characterized several interactions between proteins related to the Integrator complex. The results are summarized in Table 2 . Our analysis confirms the physiological nature of several interactions indicated by previous studies, and predicts new interactions that can help to explain the nature of the Integrator, a complex molecular machine. Finally, the predicted characteristics of the interactions between pairs of proteins and the identification of domains and residues potentially crucial for the respective dimerization can inform future experimental studies, such as targeted mutations that may disrupt complex formation.
MATERIALS AND METHODS
Protein sequence collection and alignment
The initial step in studying evolutionary coupling between proteins is to construct a Table 1 ). To reduce running time, we used a variant of DCA, the pseudo-likelihood maximization Direct-Coupling Analysis (plmDCA) (Ekeberg et al. 2014 ), which has a lower computational cost than traditional DCA. Evolutionary coupling scores (ECs) were calculated and used to build the corresponding coupling matrix. To improve our prediction and avoid false positives in DCA analysis, we used local convolution of ECs as described and validated above.
Prediction of protein
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